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STRAIN MEASUREMENTS AND STRENGTE “TESTS ON

THE TENSION SIDE OF A BCK BEAM

WITH FLAT COVER

. .

13yPatrick T. Chlarlto and Simon H. Dlskln

STJMWRY

Strains were measured to determine the shear and
normal stresses caused by a load applied until failure
of the tension side of an open box beam with a flat
stiffened cover. The stresses measured at high loads
were within 10 percent of the stresses calculated by an
approximate theory and also by a method based on an exact
theory for all stations except the root, at which the
discrepancy was 17 percent. The maximum stress measured
on the corner-flange angle was close to the tensile yield
stress for the material.

Failure occurred when the corner angle ruptured at
a strain of 0.012. This strain was only about 10 percent
of the maximum strain that was obtained from tests on
solid tensile specimens of t~e same material.

INTRODUCTION

In order to study the behavior of the compression ,
covers of box beams subjected to bending, several tests
have been performed at the Langley I:emorlal Aeronautical
Laboratory. The results of these tests and the analysis
of the stresses by an approximate shear-lag theory are.
presented In references 1 and 2. In general, the calcu-
lated values of the stresses were in fair agreement with
the highest experimental values, which occurred at the
corner flanges of the box beams.

The phenomenon of failure In the tension side has
been studied In the present investigation. Normal stresses
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in the cover were obtained from strain measurements at
several cross sections for loads up to 95 percent of the
ulthate load. Shear strasees in the cover sheet were
obtained from strain meas”arments for low loads (21porcent
of the ultimte load).

The exlsthg lamwledCe of stress concentration is
not sufficient to axplsin satisl’ectortly the influence of
rivfithcles on the tension failure in a built-up strluctuz%.
The first step toward a satis~aotor~ explanation of
failure is the detailed determination of the stress dls-
trfoution In that part of the structure which fails first.
In order to substantiate the str~lm measurements on the
corner anflleof the box beam, strains were also measured
on auxiliary specimens that resem~bled the cor~r an@e.

SYM30L9

A cross-sectional area, square inckee

Av cross-eectional area of Idealized corner flange,
square Inches

A.1, cross-~ectional arsa of aubst?.tute sin~le.stringer,
squere i~ches

AT Suii,of AF and AT,, ~quare i~]ches

P total external

L len@h of half

G Shea m,odulus,

appl~.ed load, kips

beam, inches

..
ksl

E Young~s modulus of elasticity, ksl

t thickness of cover sheet, inch

bs . width of substitute half beam, inches

Mzc/I normal stress Ueflned by engineering theory of
bending, ksl
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M bending moment, kip Inches

z. dlstanoe. from.centrofdal axis”to:”~”gi’vbn-””fiber, .“”
inch6s

I moment of’inertia of effective cross
t
ection of box

b“eam about centroidal a+is, inches

VQ/It shear stress defined by engineering theory of
b6nding, ksi

v vertical shear in web, klps

Q static moment or moment of area (between center line
and panel for wkich shear stress is to be deter-
mined) about centroidal =1s of ‘box beam, inches3

h effective depth of beam, inches

x distance from

T shear stress,

E strain

‘F normal stres~

Subscripts?

Ult ultimate

ty tcrsile yield

tip of beam, lr~chcs

ksi

in ideallzed cornor flange, ksi

EXPERIMENTAL INVESTIGATION

Specimens and Apparatus

An open box beam was tested to failure of the tension
cover. Three auxiliary epoclmens were also tested:
auxiliary specimen A was used for measur~inents of strain
up to failure in angles similar to the corner-flame angle
of the beam; specimen B was used to study the influence of
a single line of’rivet holes on the distribution of strains
in a flat bar; and specimen C was tested to obtain some
idea about the possible strains caused by riveting.
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Box beam. - The deta!ls of the cross section of the
box b~shown in figure l(a). The beam was made
of 2@T alumtnum. alloy with the exception of the com-
pression chord and the bulkheads, which were steel. An
extruded angle joined the cover sheet to the shear webs

by means of ~-inch rivets spaced at 3A inch. All the
16

rivets used h the box were of A17S-T aluminum alloy.
The bulkhead~ were located as shown in figure l(b).

Auxlllary specimens.- Auxilisry speclmon A was a
double-angle, riveted tension specimen made of two

24S-T angles 1- by 1- by ~-inch and joined at both ends
32

to a comon steel loading bar l-inch square. The se
angles and the rlvetlng in them were slnllar to those
used In the corner of the box beam.. Figwe 2 shows
specl:mn A after failure occurred at the left-hand end
of the test section.

ii zAuxiliary specimen B was made from a - by -inch

flat bar of 24s-T aluminum alloy. Seven &inch round-
head rivets of Al~S-T aluminum alloT were%paced at

z
-inch intervals along the lon~itudinal center line.

Auxillary specimen C consisted of an angle 1- by

by ~-inch of 2@-T aluminum all~~. The rivet holes

1-

simfilated those used in the test section of specimen A,
as well as those in the corner a~~le of the box beam.
The rivets, however, were merel~ Inserted in these holes
and were not driven before the test.

Anpsratus.- For the test at low loads, an A-frame
WQS used to support the box beam at the center line and
the load was applled by a winch and nieEsured by a 5-kip-
capacity dynamometer at each tip of the beam. (See
fig. 3.) In this way the closest possible approximation
to a fixed root was realized. With the ccver sheet In a
vertical plane, it was most convenient to read the optical
strain gages mounted on both sides of the cover.

For the strength test, the bear.was supported with
Its cover in a horizontal position and was anchored to
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the floor through four steel straps that were attached
.. . ...—-to.-th-..ttpsof-the shear ..webs. .(See fig. 4.) A portable

hydraulic jack of 100-klpsacapaclty was used to apply
load through a yoke at the center line of the doubly
qmmetrical box. A fixed root again was closely
approximated.

Auxiliary specimens A and B were tested in standard
hydraulic testing machines.

Test Procedure

Strain measurements on box beam.- For the tests
that were confined to the elastic range, strains were
measured by Tuckerman optical strain gages with a gage
length of 2 inches. In order to reduce the effect of
local bendinp, the gages were used in pairs on both sides
of the cover except on the corner angles. Typical
strain-Cage locations used in the four quadrants of the
cover are shown in figure 5(a). The load was applied in
a minimum of three equal increments up to the maximum of
1.5 kipe at each tip of the beam. If the straight llne
throuGh the points on the load-stress plot for each pair
of qaCc measurements did not pass through the origin, the
llne was so translated as to pass tbxough the origin. If
the necessary translation corresponded to more than
0.2 ksi, howeven, the test was repeated and new data were
obtained. For determlnin~ shear stresses, strains in the
cover sheet were measured at ~50 and 1550 to the longi-

tudinal SXIS between the station 4* inches from the root

and tb.estation ~ Inches from the tip. Strain measure-

ments on the stri%~er~ and corner angles were confined to
the vicinfty of the root, where tb.emaximum normal strains
were expected.

For the test to f’ailure, strains were measured with
SR-4 electrical strain gages of three different gage

lengths: 1 inch, * Inch, and # inch. Figure 5(b) shows

typical locations ~f the SR-4 ~ages In the cross section.
Longitudinal strains were measured in the corner angle
for ten load& within the elastlc range. Beyond the
elastic rance, measurements were made after each applica-
tion of a small load incre~ent (about 5 percent of the
ultlmate load) Up to the jack load of 13.2 klps
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the ult hate load]. No attempt was made
shear stresses In the cover sheet et high

loads. The load!n of the box beam was accidentally -
interrupted at 12.!$klp~ and the load was entirely removed.
When the loadin was resumed, strain rcadhgs were taken

!!at 12.6 and 13. kips.

Tn order to reduce thermal errors In the measurements
by the Tuckerman and SR-4 Cages, a reasonable amount of
control was exercised over the temperature h the vicinity
of the test specimens.

Strain measurements on auxiliary specimens.- The
perforated specimen A yas tested in tenslon~an attempt
to .meaeure strains at gage locations that corresponded to
those used on the corner anglg of the box beam. Gage
readl~s were taken after each application of a load
increment that was about 7 percent of the ultimate load.

Strain measurements ware made between rivets and
along the edges of the flat-bar specimen B. Gages with

an effective length of approximately 1 Inch were used in
F

pairs on opposite sides of the s~eclmen to measum the
strains wh.lle tinetensile load was increased In incre-
ments cf anprcxl~lately 6 percent of tho ultimate load..

Strains resulting from the riveting process were
measured on the angle ~pecimen C at locations sirnllarto
those on t~.ecorner a~~le. The rivets were driven with
a pneumat!c hammer to ~?mulate the riveting process used
in the construction of the box beam. No external load
was applied to specimen C.

&curacy of mleEmu’ements.- The thicknesses of all
parts r,ade from 2~s-T aluminum-alloy sheet were obtained
by micrometer caliper measurements with an accuracy of
about G.CO02 inch. The areas of the 21@-T allo~ an~les
and the steel compres?lon-chord angles were obtained by
weighing and are probably not in error by more than
0.5 percent. The loads applied b~ either the hydraulic
jack or the testing machines were measured with an
accuracy of about 0.5 percent.

Strains were measured to 0.000002 with the Tuck~rman
optical strain gages. Strains mtiasured with the SR-4
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-electrical strain gages wereaceur~te to 0.00002 for,..
“’””“S’t”r-dl-h’s”’ti.w‘t-o---O;”OOl;for larger strains the error was
probably not more than 2 percent.

I%operties of Materials

The stress-strain curves for the materials used as
corner-flan~e angles, stringer, and cover sheet were
obtalilecifrom tensile tests on solid standard specimens
and appear in figure 6. Figure 6(a) represents four tests,
and fi~wes 6(b) and 6(c) represent two tests each. The
yield stress of 5)+..5ksi, shown by figure 6(a), IS appre-
ciabl~ hi@er than the typical value of ~~.O ksi shown by
figure 3 of’reference 3. The curves in figures 6(b)
and 6(c) are in Good a~reement with the corresponding
curve marked W in fi&wre 1 of reference 3. The similarity
of the three stress-strain curves reduced the uncertainty
that usually accompanies the determination of the stress
distribution in struct-mes built ~zpfrom materials which
do not have identical physical properties.

?he stress-strain curve for the material of the
double-angle specimen A is shown in figmre7 and is the
avma~o fa two te~ts. The yield stress-of )+7.0ksi was
in mood agreement with that Civi~nh~ curve A In figure
of iofcroncc 3. T.TOstress-strain curves were obtained
ror alucj.llaryspecimens B and C.

PST lWYWLTQ AW COMP!RI!30YSWTTH CALCTTLATIOW.

The measured strains were converted to stresses by
use of the stress-strain curves obtained from tension

3

tests on solid standard tensile specimens (figs. 6 and 7).
Because the strains varied within the dimensions of the
gajps, the experimental stresses represent averafjcs over
the areas covered by th6 strain gages. In order to inter-
pret more exactly the measured strains, additional infor-
mation is requir~d about tha effect
the measurements and the conversion
stresses, especially in the plastic
e~pl~~il the f’ailuro, a knowledge of
stress thro~hout the oompon.nts of
sary.

et-the rivet holes on
of these strains to
range. In order to
the distribution of
thG beam is neces-
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Stress Distributions

In the following presentation of test results, the
averages of the stresses Indicated by pairs of opposite
gages were used to obtain the avera~e of the stresses for
corresponding stringers on each side of the longitudinal
center line of the cover. The individual strain measure-
ments were converted to stresses before the averages were
obtained. These averages were usually wtthin 2 percent,
of the Individual measurements; the maximum difference
noted was 5 percent.

The stresses meaeured on the outside of the cover
only (at the root) ‘are shown on the plots by the appro-
priate symbol with two tails added. The stresses
measured at only one of a pair of corresponding stations -
that is, in one quadrant of the cover - are represented by
the appropriate symbol with one tail added. In general,
a symbol without a tail represents the average of four
measurements.

Because the depth of tha flan~e angles (on the com-
pression as well as the tension sides) was large in
comparison with the depth of the beam, the effective
depth of the beam was taken as the distance between force
centroids. The approximate analysis of the stresses in
the cover was made b the substitute single-stringer
method of reference t Figure 8 shows the steps used for
obtaining the substit~te single-stringer structure from
the actual cross section.

An analysis was also made based on an adaptation of
the””oxactmethod and on the comparison between the
approximate and exact methods as shown in figure 6 of
reference 5. In both analyses, the stresses were distrib-
uted among the stringers by the cubic-equation method of
reference 6.

qhear stresses at low loafla.-Strains were measured
on the cover sheet at )+50 and 1350 to the stringers and
were then converted to shear streeses by use of the rela-
tionship

T = G (c 45 - c~35) (1) .
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...
The curves of flgures9(a) and 9(b) show the spanwlse

and..chordwis.e distrlbutlons, respectively, of these shear
stresses at a total load of 3-0”0”’lifpsor”75”0pounds”at
eaoh tip of the shear webs. we distributions calculated

VA
by the elementary formula r = It are shown, as well as

the curves calculated by the shear-lag theory. The span-
wise distribution of the shear stresses In panel 1 next
to the corner flange was calculated by use of the fol-
lowing equation derived from reference 7:

PAL

(
1

Cosh xx71 =— . —
thAT cosh KL )

(2)

The shear stresses decreased ~adually to zero at
the root. Because the stringer areas were equal and
uniformly distributed chordwise along the cover sheet,
the chordwise stress distribution near the tip calculated

~by the ordinary engineering theory ~+ was approximately

a straight line that varied from 71~“(see equation (2))
at the outer panel to zero at the c~nter line. The shear
stress at the center line was zero throughout the span of
the bean because of the symmetry of the cross section and
loading. Although the engineerin~ theory of bending did
not apply rigorously in the vicinity of the root, the
simplifying assumption of linear chordwise distribution
of shear stresses gave satisfactory values. The exact
distribution at the root, moreover, was of little prac-
tical Importance because the shear stresses approached
zero. The calculated stresses agreed with the measured
values within about 10 percent and were conservative for
all stations.

Normal stresses at low loads.- The spanwise distri-
bution of normal stress in the corner flange was calcu-
lated by the following expression derived from reference 7:

( ALOF=+ l+— sfl.nh Kx

)AF KX cosh KL (3)

The stringer stresses were obtained by the method outllned
in reference 6.
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The analysis of the normal stresses was also made
by the approximation based on the exact method of refer-
ence 5. Interpolation between the appropriate curves of
figure 6 in reference ~ gave the ratio between the
approximate and exact stresses at the root. This ratio
was used as a guide in calculating the “exact” spanwise
distribution of corner-flan~e stress so that this “exact”
curve wculd be related to th.aapproximate curve in the
same aanner as the exact curve Is related to the approxi-
mate curve for flange stress In figure 4 of reference 5.
The chordwise distribution was made as before by use of
the cubic-equation method of reference 6.

The values of the stringer stresses, which were
measured with the o~tical Gages and tkle electrical gages,
a~eed with the calculated values within about 10 percent
for all stations except the root at an applied load of
3.0 kips. For this load, the maximum discrepancy between
experimental and calculated values at tk.eroot was about
~0 percent. A large discrepancy was expected because
measurements were made on the outside of the beam only
(becauee of Interference by the bul~ead) . These single
measurements served to Indicate w.axirnunstringer stresses,
which probftbly include secondary bending stresses. At
the flanges the measured stresses were, on the whole,
about lb percent lower than the calculated values.

-.e chordwise distribution of stresses measured with
electrical strain ga~es at a jack load of 6.o kips
(43 percent of the ultimate load) or 1.5 kips at the tlp
of each shear web is ccmpared with calculated values in
figure 10. The average measured stress In the corner
angle was, at all stations, about 15 percent lower than
the stress calculated by the ap:~roxlmate theory and
about 11 percent lower than the stress calculated by the
adaptation of the exact theory. In ~eneral, the values
of the stringer stresses agreed within about 15 percent.

Although large disc~epancles were noted between
experimental values and the calculated curves, the sum-
mation of the internal forces balanced the external
foroe I!/h within about 10 percent.

&ormal stresses at hi@ loads.- In figure 10 the—-
measured stresses and calculated curves at the jack load
of 12.6 kips (91 percent of the ~-lthate load) are shown.
The avera~e of the measured stresses in the corner angle
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.,. at-eaoh.station..was..~~t~l,n10 percent of the calculated
values at all of the station’sexcept the root, at”which

......,.,. .,,,

the “average measured value was about 17 percent lower
~~:~c~he approximate value and U percent lower than the .

“ value, If the root station is neglected, the
measured stresses In the corner a~le are within 5 percent
“ofboth the approximate and the llexactllvalues. The
stringer stresses were within 11 percent of the calculated
values at all stations except the root. As was previously
mentioned, the single measurements at the root probably
include secondary bending stresses. The summation of the
internal forces at all stations balanced the external load
within 3 percent.

Figure 11 shows the spanwise distribution of measured
and calculated stresses at several values of jack load.
The lowest measured value at the root can probablybe
explained as the result of tilemeasurement of strain
between rivet holes. This explanation is supported by
the results of later tests that are discussed herein under
“Auxiliary tests.” The spanwise readjustment of flange
stresses, which is evident at the load of 12.6 kips, can
probably be attributed to the two following causes:
(l)!lTnebuckling of the cover sheet in panel 1 reduced the
effective shear modulus with the resulting increase In
the flange stresses (because of incraaaed shear-lag
effect); and (2)the yielding of the fla~e material
decreased the ability of’the fla~=e to carry additional
load. The test data indicato thnt the effect of yielding
might become appreciable. Additional information must
be obtained, however, before a suitable correction for
yieldi~ may be dovised.

The load-strain plots of’fiawe 12 resemble stress-
strain curves. The measured etrainsmwere expected to lie
along a smooth curve. The irregularity in the load-strain
plots of the highest measured strain might be explained
by the behavior of the structure following the interrup-
tion in the loading, as mentioned under “Test procedure.’! “
The superposed load-stress points emphasize the tendency
for the stresses not to exceed appreciably the tensile
yield stress of 54.5 ksi.

Auxiliary tests.- The load-strain curves for the
double-angle specimen A shown in figure 13 resemble the
curves for the corner-flange angle shown in figure 12.
Because the loading was continuous, however, the plotted
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strains lay along a smooth curve. As waa the case Por
the corner angle, the stresses In auxiliary specimen A
were appra%imately equal to the yield stress of 47.0 ksl.

??hestrains measured on the Plat-bar specimen B in
the W1.clnity of rivet holes might differ by about 100 per-
cent as shown in figure 11;..The maximum strafn occtu-red
between the rivet hole and the edC~ of the bar. The
m!nimum strain was me~sured between rivets. Because the
gage length used was about 1/!!inch and the width of gage
was about 1/8 inch, the measured strains are most likely
not the peak strains. The unusually low strains measured
between rivets probably explain the low values obtained
from the measurements at the ro~t statfon or the box beam
between rivets on the cornm ansle. (See fig. 11.)

The maximum stresses caused by riveting, as indicated
by the test on auxiliary speciman C, were about 2500 psi
and occurred at gage locations between rivets and the heel
of the angle. These stresses were of the order of ma~ni-
tude of the differences between test points at the root.
The rivets in specimen C dtf’fered from thoso in the corner
a~lo h that those in specimen C were driven through a
single thickness and were not countersunk.

StrenGtt!Test

Failure of box beam.- The corner-flange angle broke
at th~when the ~k ioad reached 13.9 kips. Tesming
of the cover sheet and stringcms followed immediately and
extended over about 80 percent of the chord. Aa shown In
figure 15, the tear in the covei’did not occur along the
root station, where the nst section was reduced by the
bulkhead rivets.

Strength of corner flan~.- Extrapolation of the
load-stress plots of~i~12 from the jack load of
]3.2 kips to the ultimate load of’13.9 kips indicated
that the maximum stress in the corner flange was approxi-
~ately 55.0 ksi. Thi,s extrapolated stress was 17 percent
lower than the stress calculated for.the ultimate load by
the approximate shear-lag theory (65.5 ks$) and 15 percent
lower than the value calculated by the IIexactl’method
(62.2 hi). For both calculations, Youngls modulus of
elasticity was assumed to be constant. The extrapolated
ultimate strain for the flange d’ the box beam was
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about 0.012, whereas the oorreapondl~ strain in the....
““doub16~&in@e”--Spedimenwas abOut”O.015.. This discrepancy
was probably due to the differences in conditions of
support along the angle, in methods of loading, and in
rivetir<. The maximum strain that was measured in the
corner flange of the box beam was only about 10 percent
of that obtained frqm the tests on the solid standard

.tensile specimens.

Strength of cover sheet and stringers.- The values
of ultimate stress, which resulted frmn extrapolation of
load-stress plots, were approximately 5~.O ksi for the
sheet and”55.8 ksi for the stringers, The yield stresses
determined from tests on solid standard tensile specimens
were 55.0 ksi for the sheet and 53.5 ksi for the stringers.
(See fig. 6.) Although the highest strains measured in
the cover sheet and stringers were at the root station,
the tear extended from the corner anCle to the center line
at a~proximately one inch from the root. Beyond the
center line, the tear continued towards the other corner
angle at about three inches from the root.

CONCLUDING RdMiRKS

In the test of the flat stiffened tension cover of
an open box beam, the stresses measured at high loads
were within 10 percent of the calculated stresses for all
stations except the root, at which the average measured
value was about 17 percent lower than the value calculated
by the approximate shear-lag theory and 12 percent lower
than the value obtalnod by an adaptation of the exact
method.. When the normal stress in tho flange reached the
yield stress for the material and after the cover sheet
in the outer panels had buckled, a spanwise readjustment
of’flange stress took place. The shear stresses in the
cover sheet were calculated to within 10 percent of the
measured values.

The extrapolated ultimate strain in the corner-flange
angle at the root of the beam was approxl.mately 0.012,
whereas 0.015 was obtained for a double-an@e tension
specimen of the same cross section. These values were
only about 10 percent of the maxinnun strains that were
measured In gage lengths of 2 inches on standard tensile
specimens of solld cross sections, These values provide
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maximum elongation of the corner. flange
h comparison with the values for the

standard tensile spec~ens.

The variations in strains measured at different
locatlons on the beam and the double-angle spectmen A
emphasized the fact that doubt still accompanies the
Interpretation of strains measured in riveted structures.
Because the strains In the beam v~ied within the dimen- .
slons of the gages, the measured strains represent
averages over finite areas. In order to interpret more
exactly the strains measured up to failure, it is neces-
sary to obtain additional Information about the Influence
of rivet holes. The interpretation of strain measurements
is made uncertain also by the existence of built-in
strains caused by riveting.

Langley Pernorlal Aeronautical Laboratory
liatlonal Advisory committee for Aeronautics

Langley Field, Va.
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(a) Cross sect“m of box beam.
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Figure 1.-Dimensions of test beam.



Figure 2.- Angles used in auxiliary specimen A. (Note failure.)
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Figure 3.- Setup for tests at low loads.



Figure 4.- Setup for strength test.
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Figure 5.- Typical locations of strain gages.
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NACA ARR No. L5A13b Fig. 7
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Fig. 8 NACA ARR No. L5A13b
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(a) Outside of cover.

Figure 15.- Failure at root of box beam.
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(b] Inside of cover. Root bulkhead removed.

Figure 15.- Concluded.
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